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Abstract

Background/Aims: Status epilepticus (SE) might be followed by temporal lobe epilepsy
(TLE), a common neurologic disorder characterized by spontaneous recurrent seizures (SRSs).
However, the relationship between SE and TLE is still incompletely characterized. For this
reason, in a model of TLE we evaluated the lesion extent and the onset of SRSs to determine if
they were influenced by the SE dynamics. Methods: Sixty-two adult male Sprague-Dawley rats
were implanted for video-electrocorticographic (v-ECoG) monitoring and intraperitoneally
treated with saline or kainic acid (KA, 15 mg/kg) at 8 weeks of age. v-ECoG recordings were
obtained during SE, in the following 9 weeks, and assessed by amplitude or power band
spectrum. Rats were euthanized 3 or 64 days after SE to evaluate the lesion. Results: SE
lasted about 10 h during which the mean duration of convulsive seizures (CSs) increased
from 39 s, at 30 min, to 603 s at 4 h. The gamma power peaked 30 min after the SE onset
and its peak was correlated (r*=0.13, p=0.042) with the overall SE duration. Subsequently, the
gamma power was reduced under the baseline until the end of SE. The theta power increased
at approximately 150% of basal levels 3 h after KA injection, but it went back to basal levels
with the full development of CSs. Interestingly, the timing of the first SRS in chronic epilepsy
was correlated with the latency to develop the first CS with loss of posture during SE (r?=0.60,
p<0.001). Additionally, the overall duration of CSs observed during SE was related to the
number of damaged brain regions (r’=0.60, p=0.005), but it did not influence the timing
of the first SRS in chronic epilepsy. Conclusion: Overall, our results show that the onset of
chronic epilepsy is modulated by SE dynamics, whereas brain damage is related to prolonged

convulsions in SE.
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Introduction

Temporal lobe epilepsy (TLE) is a major neurologic disorder characterized by
spontaneous recurrent seizures (SRSs) which often follow a presumably causative lesion,
also known as the “initial precipitating injury” [1]. The SRSs begin after a period named
“epileptogenesis” during which degeneration and repair, inflammation and aberrant
structural phenomena occur in consequence of the initial precipitating injury [2]. It is
currently undetermined which one of the various, possible mechanisms able to contribute
to epileptogenesis could be critical for the appearance of SRSs in TLE, and all of them have
been addressed in a variety of in vivo models reproducing seizures or epilepsy, following a
wide-spectrum approach [3].

Amongotherhypotheses,ithasbeen proposed thatepileptogenesis could berelated to the
extension of lesions caused by the initial precipitating injury, especially in the hippocampus
[4-6]. This hypothesis was tested in status epilepticus (SE) models by controlling the initial
precipitating injury with drugs able to limit the duration of SE to progressively shorter time
intervals, so as to obtain a different lesion extent. The prediction made in these experiments
was of a possible change in the latency to first SRS in response to the reduction in SE duration.
However, the results paradoxically showed both delay and anticipation of SRSs in presence
of reduced hippocampal damage [4, 6]. Conversely, in a different study authors did not find
differences in the period of time required to the onset of SRSs in rats exposed to a short (30
min) or prolonged (120 min) period of SE [7]. In all of these experiments pilocarpine was the
proconvulsant used to trigger the SE [4, 6, 7].

Using kainic acid (KA) to model SE [8-12], authors differently approached the
relationship between SE and epileptogenesis. Specifically, the onset of convulsive seizures
(CSs) in the course of SE (hereafter defined as convulsive SE, CSE) [13] was considered as
the possible determinant of SRS onset, independently of the lesion extent [8]. Anyway, also
in this case no correlation between the latency to CSE and time required to develop the SRSs
was found in animals surviving to KA. A possible explanation to these approaches failing in
the tentative to establish a relationship between SE and epileptogenesis could be that all the
animals were treated with drugs able to limit the SE duration and inducing neuroprotection.
In such a way, drug treatment could have modified the course of subsequent epileptogenesis
by interfering with the initial precipitating injury.

To get further insights into the relationship between SE, damage and epileptogenesis in
the KA model, we designed experiments without any drug administration to fully characterize
the dynamics of SE and the onset of SRSs by video-electrocorticographic (v-ECoG) recordings.
Additionally, we also localized the lesions and measured their extension to establish a
relationship with the SE dynamics. Finally, we investigated the relationship between
epileptogenesis and lesion extent or SE dynamics. Here, we show that some characteristics
of SE could be useful in predicting the brain damage and timing of epileptogenesis.

Materials and Methods

Animals

Atotal of 62 male Sprague-Dawley rats (Charles River, Calco, Italy) with initial weight of 175-200 g were
used in this study. Animals were housed in a specific pathogen-free facility with controlled environment
conditions and ad libitum access to water and food. All experiments were authorized (323/2015-PR) and
performed according to the European Directive 2010/63/EU. The local Animal Welfare Body approved the
study protocol. All efforts were done to refine procedures, improve the welfare and reduce the number of
animals.

Experimental design
Animals were randomly divided into two groups to investigate the lesions (n=34) or epileptogenesis
(n=28). The first group consisted of 17 rats that received an injection of KA (15 mg/kg, i.p.; Sigma-Aldrich,
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Milan, Italy) compared with 17 controls receiving an i.p. injection of saline (1 ml/kg). These rats were
euthanized after 3 days from the injection at 8 weeks of age (11 KA-treated rats and 11 controls) to evaluate
early brain injuries, or 64 days after injections at 17 weeks of age (6 KA-treated rats and 6 controls) to
evaluate the presence of chronic brain injuries. The second group included KA-treated rats used to evaluate
the relation between SE and epileptogenesis, and monitored until 17 weeks of age. All rats were treated with
KA or saline one week after electrode implantation. At the end of SE, rats were given a subcutaneous (s.c.)
injection of Ringer’s lactate solution (3-5 ml) and softened rat chow to minimize animal discomfort.

v-ECoG recordings

As described previously [14], rats were implanted with epidural electrodes in frontal and occipital
cortices, in order to continuously record ECoG data of both hemispheres. One electrode was implanted
below the lambda on the midline in all animals and used as a reference. For electrode implantation, deep
anesthesia was induced with volatile isoflurane and assessed by deep breath, loss of tail and eye reflexes. At
the end of the surgery, gel containing 2.5 glidocaine chloride, 0.5 g neomycin sulfate and 0.025 g fluocinolone
acetonide (Neuflan® gel; Molteni Farmaceutici, Scandicci, FI, Italy) was applied to reduce acute pain and
risk of infection. All animals were monitored until complete recovery from anesthesia and housed in single
cages with no grids or environmental enrichments to reduce risk of headset loss. Following guidelines [15],
the EcoG was recorded via cable connection between headset and preamplifiers. Electrical brain activity
was digitally filtered (0.3 Hz high-pass, 500 Hz low-pass), acquired at 1 kHz per channel, and stored on
a personal computer after the mathematical subtraction of traces of recording electrodes from trace of
reference electrode, using a PowerLab8/30 amplifier connected to 4 BioAmp preamplifiers (ADInstruments;
Dunedin, Otago, New Zealand). Videos were digitally captured through a camera connected to the computer
and synchronized to the ECoG traces through LabChart 8 PRO internal trigger. Baseline ECoG was recorded
at least 24-48 h prior to the treatment. Both control and KA-treated rats were recorded in the same manner
and data analyses were performed with blind procedures.

Behavioral and ECoG analysis

ECoG traces were digitally filtered offline (band-pass: high 50 Hz, low 1 Hz) and manually analyzed using
LabChart 8 PRO software (AD Instruments) by blind to treatment expert raters. Based on the definitions
provided in the literature [8, 16, 17], all seizures were defined as ECoG segments with minimum duration of
10 s, continuous synchronous high-frequency activity, and amplitude at least twice as the previous baseline.
These ECoG segments were also screened for the appearance of a post-ictal depression (below baseline
ECoG activity). Seizures and their durations were determined in the ECoG traces, and then investigated for
a behavioral correlate [18] by using the synchronized video recordings. Particularly, seizures were scored
as stage 0 (or subclinical) if a clear epileptiform ECoG signal was present without corresponding evident
behavior in the video; stage 1-2 in presence of absence-like immobility, “wet-dog shakes”, facial automatisms,
and head nodding; stage 3, when presenting with forelimb clonus and lordosis; stage 4, corresponding to
generalized seizures with rearing; and stage 5, when seizures consisted of rearing with loss of posture
and/or wild running, followed by generalized convulsions. SE was defined as the period of time in which
rats either did not recover normal behavior between one seizure and the other, or in which they displayed
continuous shaking for more than 5 min [19]. The end of SE was characterized by a progressive reduction
in frequency of the continuous electrographic spikes, preceding a silent period. Moreover, the termination
of SE was accompanied by recovery of normal behavior. According to the definition of “early seizure”
provided in literature [12], we considered the ictal events as “early”, i.e. additional KA-induced seizures
when occurring in the next few days after KA administration. In agreement with Williams and colleagues
[20], initiation of the first SRS was defined by a single, large ECoG spike, followed by large high-frequency
activity. The progression was characterized by individual spike-like events followed by regular, large, high-
frequency events. At the end of this activity, large-amplitude waves with multiple superimposed spike-like
events were followed by a silent period. Artifacts were carefully removed from the v-ECoG analysis of SRSs.
They were identified as (i) high frequency signals associated with masticatory movements in the video
recording, (ii) interference appearing as a thickening caused by superposition of 50 Hz mains in the ECoG;
(iii) electrode or cable-related technical artifacts. The amplitude spectrum maps, in which amplitude gives
a spectrum where the height at a particular frequency is the amplitude at that frequency, were respectively
reported as the first nonconvulsive and the first convulsive SRS. Then, ECoG traces were further analyzed
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using EDFbrowser (1% order butterworth high-pass filter: 1Hz; powerline interference removal: 50 Hz) [21]
to understand whether significant changes in the cortical power band spectrum occurred during the SE.
A relative indication of the distribution of power over the frequency regions ranging from 1 to 100 Hz,
expressed in percentage (%) and recorded from the frontal electrodes, were determined. Frontal electrodes
were preferred because gamma oscillations were shown to be present in the frontal and parietal areas [22],
while theta oscillations were particularly pronounced in the frontal midline [23-27] and in the subcortical
areas [28-31]. Thus, the power band spectrum analysis was expressed in percentage and included delta (8§,
0-4 Hz), theta (6, 4-8 Hz), alpha (a, 8-12 Hz), beta (3, 12-24 Hz), and gamma (y, 24-100 Hz) frequencies in
10-s epochs on a continuous ECoG during 12 h after KA treatment.

Immunohistochemistry

Control rats and rats treated with KA were used for tissue analysis. Rats deeply anesthetized with
isoflurane were transcardially perfused with phosphate buffered saline (PBS, pH 7.4) followed by Zamboni’s
fixative (pH 6.9), 3 or 64 days after treatment. Brains were post-fixed at 4°C in the same fixative for 24 h,
cryoprotected in 15% and 30% sucrose solutions [32] and stored at —80°C until use. Horizontal sections of
50 um were cut using a freezing sliding microtome (Leica SM2000R; Leica, Nussloch, Germany). As described
previously [32, 33], sections were washed three times in PBS, treated with 3% H,0, in PBS (20 min), and
blocked 1 h with 5% normal goat serum (NGS) in PBS containing 0.1% Triton X-100 (PBS-T). Sections
were incubated overnight at 4°C in PBS-T containing 1% NGS, respectively with the following antibodies:
mouse anti-neuron-specific nuclear protein (NeuN, Millipore, #MAB377 clone A60, 1:200) and mouse anti-
glial fibrillary acidic protein (GFAP, Sigma Aldrich, #G3893, 1:500). The next day, sections were incubated
1 h with secondary antibody (biotinylated horse anti-mouse; Vectastain, 1:200). All sections were then
processed by the avidin-biotin-peroxidase complex (Elite ABC Kit; Vector Laboratories). Inmunostaining
was performed in 0.05% 3, 3-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) for 5 min and
developed by adding 0.03% H,0,. Finally, the sections were washed in PBS, mounted on gelatin-coated
slides and coverslipped with Eukitt® (0. Kindler GmbH & Co).

Fluoro-jade B

As described previously [32], sections were mounted on gelatin-coated slides and dried at room
temperature. Slides were immersed for 5 min into a solution containing 1% sodium hydroxide in 80%
ethanol, washed for 2 min in 70% ethanol followed by 2 min in distilled water, before being oxidized in
0.06% potassium permanganate for 15 min. Brain sections were then stained for 15 min in 0.004% solution
of Fluoro-Jade B (FJB, Millipore, # AG310-30MG) diluted in 0.1% acetic acid. Slides were rinsed in deionized
water for 3 min, dried on a pre-warmed hotplate at 50°C, then cleared in xylene and coverslipped with
Eukitt®. Images were acquired using a Leica SP2 AOBS confocal microscope.

Image analysis

Immunostained sections from -8.04 mm to -5.04 mm Bregma level were evaluated with a Nikon
Eclipse CiL (Nikon Instruments) at 10X and for each area of interest (Cornu Ammonis 3 stratum pyramidalis
- CA3 Py, subregion B; hilus of the dentate gyrus - DH; subiculum - Sub; layer III of the medial entorhinal
cortex - MEnt L.II[; nucleus reuniens - Re; anterior olfactory nucleus - AOP) images were digitally captured
by a Nikon DS-Fi3 digital camera. The number of NeuN immunoreactive cells and the F]B-positive cells per
mm? were quantified and analyzed using the Image] software. Particularly, F]B-positive cells were evaluated
only in regions in which we localized pannecrosis, as identified by loss of astrocyte GFAP immunostaining.
The area selected for each region of interest (ROI) was consistent in all analyzed sections. The image
analysis software NIS-Elements was used to manually trace the unstained area upon GFAP detection in the
CA3 lacunosum-molecolare (CA3 LMol), as well as in Sub, Re and AOP. To estimate the extent of hippocampal
atrophy in epileptic rats, we used the same software, by measuring the ratio between the hippocampal area
(from CA3 to CA1, DG, Sub and, excluding the fimbria) and the total brain area (excluding the cerebellum).

Statistics

v-ECoG analysis and the relative distribution of power over the frequency expressed in percentage were
both investigated using a one-way repeated measures analysis of variance (ANOVA). Multiple comparisons
versus the control group (Dunnett’s test) were performed to establish differences between time intervals
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considered after the induction of SE and a reference starting point, respectively set at 0.5 h in the v-ECoG
analysis and 0 h in the power band spectrum analysis expressed in percentage. For immunohistochemical
analysis, the statistical comparison between groups was performed using the Student’s t-test or one-way
ANOVA followed by the Holm-Sidak test. Linear regression was used to model the relationship between two
normally distributed variables. Statistical analyses were performed with SigmaPlot 13 (Systat Software).
Data are represented as means with standard error of the mean (SEM).

Results

General outcomes of the KA model

Stage 0-2 nonconvulsive seizures (NCSs) were observed after approximately 14 min
from KA administration. The first stage 3 seizure appeared after another additional 23
min, whereas the first CS (stage 4 or 5) required a time interval of approximately 1 h. When
considering stage 5 seizures only, the first occurred at 80 min from treatment. According
to our definition, SE was attained at approximately 45 min from KA injection and lasted on
average for 10 h. Importantly, almost all rats (93%) developed the SE, and mortality was 4%.
After the SE, “early seizures” were generally NCSs observed with 24 h after SE termination
in 20% of rats. After 10 days, 97% of rats developed SRSs. The first stage 4 or 5 convulsion
was observed 18 days after KA treatment. When considering stage 5 only, the first seizure
appeared after 3 weeks at average (Table 1).

Characterization of the duration and progression of CSs during SE

Significant differences in the duration of stage 4 seizures were found by comparing the
0.5 h time interval with, respectively, 2 h, 2.5 h, and 3 h intervals (p<0.05 for all of them,
Dunnett’s test). Accordingly, significant differences were also found for the duration of stage
5 seizures, which were longer in the 3.5 h and 4 h time intervals than in the 0.5 h interval
(p<0.05). By summing up the duration of stage 4 and 5 seizures, significantly higher values
were found for 2.5 h, 3 h, 3.5 h, and 4 h compared to the 0.5 h time interval (p<0.05) (Fig. 1A).

Table 1. Timing of seizure onset during status epilepticus (SE)
and chronic epilepsy after kainic acid (KA) treatment. ECoG,
electrocorticography; SRS, spontaneous recurrent seizure; st., stage

The development and
evolution of SE
The percentage of gamma

power significantly increased
30 min after the administration

Latency, duration and

Response to KA injection
percentage of response

of KA (time 0 hvs 0.5 h, p<0.05;
Dunnett’s test), but then
declined from 1 h to 3 h and
4 h, and also from 5 hto 11 h
(p<0.05 for all time intervals
vs 0 h) before to return to
baseline at later time intervals.
Conversely, the percentage
of theta power progressively
increased from 0.5 h to 3 h,
being significant at 2.5 h and 3
h (p<0.05) in the case of stage 4
seizures (Fig. 1B). Interestingly,
the gamma power measured
30 min after the KA injection
significantly correlated with
total duration of SE (r?=0.13,
p=0.042) (Fig. 1C), but not
with the latency to develop

First st. 0-2 ECoG seizure

First st. 3 ECoG seizure

First convulsive st. 4 or st. 5 ECoG seizure
First st. 5 ECoG seizure

SE

SE (duration)

Rats developing SE

Rats died during or after KA injection

Rats developing “early seizures” after KA treatment
Rats developing SRSs

First ECoG SRS

First convulsive st. 4 or st. 5 ECoG SRS

First convulsive st. 5 ECoG SRS

14.37 + 2.10 (min)
37.27 + 421 (min)
58.55 * 4.22 (min)
81.15 + 6.34 (min)
47.22 +2.15 (min)

10.12 + 0.45 (h)

93%

4%

20%

97%

9.96 + 0.95 (days)

18.18 + 2.60 (days)
21.25 + 3.04 (days)
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Fig. 1. Behavioral and electrographic changes observed during status epilepticus (SE). In A, significant
differences in the duration of stage (st.) 4 and 5 convulsive seizures were determined during 12 h after the
administration of kainic acid (KA). In B, a relative indication of distribution of power over the frequency,
expressed in percentage, was determined during 12 h after the administration of the KA. In C, a linear
regression (r?) between the gamma power at 30 min after the administration of KA, and the total duration
of SE is illustrated. In D, the position of frontal and occipital electrodes is shown. In E, the development and
evolution of SE in the KA model were reported. Particularly, the baseline and then the first nonconvulsive
seizure is represented in E.I. The progression from nonconvulsive SE to convulsive SE is reported in E.IL
The evolution of SE over time is represented in E.III. The interictal spikes appearing at the end of SE and
then the return to baseline are reported in E.IV. Statistical analysis was performed using a one-way repeated
measures analysis of variance (ANOVA) followed by multiple comparisons versus control group (Dunnett’s
test). Data are shown as mean + SEM. ° p<0.05 (st. 4), * p<0.05 (st. 5), # p<0.05 (st. 4 + 5); Scale: 0.5 mV/5
s. LFC, left frontal cortex; LOC, left occipital cortex; Ref, reference electrode; RFC, right frontal cortex; ROC,
right occipital cortex.

SRSs (r?=0.07, p=0.199) (data not shown). Electrographic traces, recorded from frontal and
occipital traces (Fig. 1D), were reported in Fig. 1E (I-IV) to illustrate the SE.

Neuronal cell damage after SE induction

In contrast to control rats of 8 weeks of age, damaged neurons positive to F]B were
found throughout the brain of 8-week-old rats treated with KA (Fig. 2A and B). Particularly,
highest densities of F]B-positive cells were found in AOP and MEnt (L.III); intermediate cell
damage was in Re, CA3 Py (subregion B), and Sub; lower values characterized the DH (Fig.
2Cand D).

Neuronal cell survival after induction of SE and development of SRSs

Concerning cell survival (Fig. 3A), neurons were significantly reduced to 56% (p<0.001,
3 days post-SE vs age-matched controls; Holm-Sidak test) and, respectively, 72% (p<0.001,
epileptic animals vs age-matched controls) of control CA3 Py (subregion B) levels (Fig. 3B).
In the DH, neurons were reduced to 63% of control rats in rats treated with KA and studied
3 days after the SE (p=0.002). Similarly, in the same brain region, neurons were reduced
to 49% of corresponding controls 64 days post-SE (p<0.001) (Fig. 3C). The Sub was also
significantly damaged, as neurons were 62% (p<0.001) of control levels at the earlier time
interval, whereas they decreased to 75% of controls at 64 days post-SE (p=0.011) (Fig. 3D).
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Fig. 2. Neuronal cell death after induction of status epilepticus (SE) in kainic acid (KA) model. Sections
were stained for Fluoro-Jade B (F]B) to evaluate neuronal cell death (A) in several brain regions (B). The KA
treatment induced a significant increase, compared to control group (CTRL) of 8 weeks of age, in FJB staining
in the CA3 stratum pyramidalis (CA3 Py, subregion B), hilus of the dentate gyrus (DH) and subiculum (Sub)
(©), as well as in layer III of the medial entorhinal cortex (MEnt L.III), nucleus reuniens (Re) and anterior
olfactory nucleus (AOP) (D). Quantification was performed using Image]. Data are shown as mean * SEM.
Scale bar: 100 pm. WK, week.

In the MEnt (L.III), neuronal counts were acutely lowered to 56% of control levels (p<0.001),
and to 52% of age-matched controls in the epileptic rats (p<0.001) (Fig. 3E). Concerning the
Re, neurons decreased to 56% in KA-treated animals vs age-matched controls (p=0.003),
and to 40% in epileptic rats (p<0.001) (Fig. 3F). Finally, a similar decrease in neuronal counts
was also observed in the AOP, in which cells were 63% of controls (p<0.001) in rats at 3 days
after SE, and 50% in epileptic rats (p=0.004 vs age-matched controls) (Fig. 3G).

GFAP-immunonegative areas in the brain after induction of SE

Accordingly to the literature [34, 35], when compared to controls (Fig. 4A-B) rats treated
with KA presented a mean lesion which respectively was 0.13 + 0.05 mm? in CA3 LMol, 0.10
+0.02 mm? in Sub, 0.43 + 0.14 mm? in Re and 0.64 + 0.05 mm? in AOP. As shown in Fig. 4C,
we also calculated the percentage of the lesion in respect of the total area, evaluated in brain
sections stained with NeuN to clearly identify the selected regions. The percentage covered
by the lesion respectively was 24% in CA3 LMol, 18% in Sub, 45% in Re and 78% in AOP.
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Fig. 3. Neuronal cell survival after induction of status epilepticus (SE) in the kainic acid (KA) model. Brain
sections were stained against mouse anti-neuron-specific nuclear protein (NeuN) to evaluate neuronal cell
survival (A). The KA treatment induced a significant decrease, compared to control group (CTRL), in the
number of NeuN-positive cells in the CA3 stratum pyramidalis (CA3 Py, subregion B) (B), hilus of the dentate
gyrus (DH) (C), subiculum (Sub) (D), layer III of the medial entorhinal cortex (MEnt L.III) (E), nucleus
reuniens (Re) (F) and anterior olfactory nucleus (AOP) (G). This significant decrease in the number of NeuN-
positive cells is present 3 (8 weeks of age) and 64 (17 weeks of age) days after the KA administration.
Quantification was performed using Image]. Statistical analysis was performed using a one-way ANOVA
followed by all pairwise multiple comparison procedures (Holm-Sidak test). Data are shown as mean *
SEM.* p<0.05, ** p<0.01, *** p<0.001; Scale bar: 100 pm. WK, week.
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Fig. 4. Lesioned areas and hippocampal atrophy in kainic acid (KA) model. Brain sections were stained
against mouse anti-glial fibrillary acidic protein (GFAP), a marker of astrocytes, which are absent in
lesioned areas (A). Comparing to control group (CTRL) of 8 weeks (WK), the KA treatment induced GFAP-
immunonegative areas in CA3 stratum lacunosum-molecolare (CA3 LMol), subiculum (Sub), nucleus
reuniens (Re) and anterior olfactory nucleus (AOP) (B). In C, the percentage of lesion area of the total area
was also determined in CA3 LMol, Sub, Re and AOP. In D, the linear regression (rz] between the number
of damaged brain areas and mean duration of convulsive seizures during status epilepticus (SE) was also
determined. The hippocampal atrophy of 64-week-old rats (E) was measured in F. Quantification of the area
was performed using the image analysis software NIS-Elements. Statistical analysis was performed using a
linear regression analysis and a Student’s t-test. Data are shown as mean + SEM. ***p<0.001; Scale bars: 500
um and 1 mm. CSE, convulsive status epilepticus.

Relationship between the duration of CSE and the number of damaged areas within the

brain

Three days after SE induction, the percentage of rats presenting lesions revealed by
loss of GFAP immunostaining were, respectively, 100% for Sub and AOP, and 64% for CA3
LMol and Re. Additionally, we found that 73% rats were damaged in CA3 Py (subregion B),
27% in CA1 Py, amygdala and entopeduncular nucleus, 9% in CA1l stratum radiatum and
substantia nigra. After having calculated the total number of brain lesions for each animal,
we tested the relationship between duration of CSE and number of damaged areas, finding a
significant relationship between total duration of CSs (stage 4 and stage 5) and the number
of damaged areas (r*=0.60, p=0.005) (Fig. 4D). At variance, no significant correlation was
found between the total duration of SE and the number of damaged areas (r*=0.02, p=0.692)
(data not shown).

Hippocampal atrophy in epileptic rats

In comparison to the control group, we found that hippocampal atrophy in the
epileptic animals corresponds to 25% (p<0.001, Student’s t-test) (Fig. 4E-F). There was
not a significant correlation between hippocampal atrophy and the latency to develop SRSs
(r?=0.09, p=0.555) (data not shown).
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Relationship between seizures after the administration of KA and SRSs

Both nonconvulsive (Fig. 5A-B, on the top) and convulsive SRSs (Fig. 5A-B, on the bottom)
were considered in relation to SE progression. We did not find any relationship between: (i)
the first stage 0-3 seizures developing after the KA injection and the latency to develop SRSs
in chronic epilepsy (Fig. 5C-F); (ii) the latency to develop SE, or alternatively its duration
(including the percentage of time spent in convulsive SE over the total SE duration), and the
latency to develop SRSs in chronic epilepsy (Fig. 5G-N). In contrast, the latency to develop
the first stage 5 CS after KA injection was positively related, respectively, to the latency to
develop the first SRS in chronic epilepsy (r?=0.60, p<0.001) (Fig. 50), and the mean latency
to develop the first stage 4-5 SRSs (r*=0.44, p<0.001) (Fig. 5P). We also found a relationship
between the latency to develop the first SRS and the mean latency to develop the first
stage 4-5 SRSs (r?=0.57, p<0.001) (Fig. 5Q). Finally, no relationship was found between the
duration of SE and the seizure frequency 9 weeks after KA administration (r?=0.14, p=0.176)
(data not shown).

Discussion

In the present study, analysis of v-ECoG recordings and lesion extension resulted in the
following major findings: i) the early increase of gamma power, which precedes the onset of
SE, and the subsequent quick stabilization to under-the-baseline levels until the end of SE,
both suggest a predominant role of this ECoG band in determining the overall SE duration; ii)
the progressive increase in theta power during SE, reaching the peak in coincidence with the
maximal duration of stage 4 CSs and immediately followed by a reduction when stage 5 CSs
fully developed, both suggest arole of this band in determining the SE severity; iii) the overall
duration of most severe seizures in the course of SE appears to correlate with the brain
damage, without affecting the timing of epileptogenesis; iv) the onset of first spontaneous
epileptic activity, including both nonconvulsive and convulsive SRSs, is predicted by latency
to develop stage 5 CS in the course of SE.

Our main purpose was to re-evaluate the relationship between the lesion extent and the
onset of epileptogenesis. To this aim, we first evaluated if the overall duration of CSE and the
number of lesions were positively related, finding a significant result. Then, we assumed that
a significant relationship should be also found for epileptogenesis, to indicate that a more
widespread damage is responsible for an earlier seizure onset in chronic epilepsy. To test
this assumption, we evaluated the relationship between overall duration of CSE and onset of
SRSs, which was not significant. Although we approached this issue in an indirect manner,
our findings are in agreement with evidence obtained in the pilocarpine model showing
that rats with a different SE duration, expected to present a different lesion extent [4, 5],
had a similar SRS onset [7, 36]. However, it would be reasonable to expect that a longer SE
might result in earlier appearance of SRSs, but this was not the case in our model. On the
other hand, the SE certainly increases the risk to develop epilepsy in adult patients, but the
relationship of such risk with the SE duration is not established [37].

Distribution of lesions caused by KA in our animals was partially consistent with the
available knowledge on the model [38, 39]. For instance, damage to CA3 is commonly
observed in KA-treated rats, but it is usually referred to CA3 Py, whereas in the majority
of our animals we also found damage in the CA3 LMol, a feature previously reported only
in pilocarpine-treated rats [4]. Additionally, we observed that all rats with no exception
presented a characteristic lesion in the Sub, in proximity to CAl. This region presents
a two-way exchange of information with the Re of the thalamus [40, 41], which was also
damaged in many examined animals. This suggests that the mentioned thalamic-subicular
circuit is strongly affected by KA-induced SE so to produce a damage more extensive than
that previously found [42]. Indeed, a widespread distribution of injuries in KA-treated rats
represents a limitation of the model because of the focal nature of lesions found in TLE
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Fig. 5. Relationship between seizures after the administration of kainic acid (KA) and chronic epilepsy. In
A, the first nonconvulsive (top) and the first convulsive spontaneous recurrent seizures (SRSs) (bottom)
were reported. In B, the amplitude spectrum maps were shown for the first nonconvulsive (top) and the
first convulsive SRSs (bottom). Relationships (r?) between the first electrocorticographic seizure after
KA injection and SRSs were determined in C-D, while relationships between the first stage (st.) 3 seizure
after KA injection and SRSs were determined in E-F. Relationships between the latency to develop status
epilepticus (SE) and SRSs were determined in G-H, whereas relationships between the total duration of SE
and SRSs were determined in I-L. Similarly, relationships between the percentage of time spent in convulsive
SE over the total SE duration and SRSs were determined in M-N. Moreover, relationships between the first
st. 5 seizure after KA injection and SRSs were determined in O-P, while the relationship between the latency
to develop the first SRS and the mean latency to develop the first convulsive (st. 4-5) SRS was determined
in Q. Statistical analysis was performed using a linear regression analysis. Scale: 0.2 mV/1 s. CSE, convulsive
status epilepticus; ECoG, electrocorticography.
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patients, so to induce the development of other different experimental approaches to model
TLE [39, 43]. However, the mentioned alternative approaches did not offer the possibility to
address the relationship between SE and epileptogenesis, as instead required by our aims.

According to our aims, we also evaluated the impact of the SE dynamics on onset of
SRSs. A growing number of studies suggest that early events occurring already during or
immediately after SE could exert long-term morphological and functional effects, thus
affecting the onset of seizure activity [44]. In our experiments, we found that the latency to
the first CS with loss of posture in the course of SE was able to predict the onset of SRSs, so
the timing of epileptogenesis. This result suggests that any pharmacological intervention
able to delay the onset of tonic-clonic seizures during SE could have the potential to delay
epileptogenesis. If correct, this means that drugs displaying such an effect may be potentially
disclosed for their antiepileptogenic potential in the KA model of SE.

Our findings also indicate that theta and gamma components of cerebral electrical
activity can play an important role in determining, respectively, the development of CSE
and the overall duration of SE. In our animal model, theta activity might have played a role
in promoting stage 4 seizures after SE induction, as its increase in power paralleled the
changes in duration of stage 4 seizures and both peaked at the same time. However, when the
theta power went back to baseline, CSE became more severe since stage 5 seizures peaked
in duration, thus suggesting that a reduction in theta power precedes a full development of
CSE. This is in agreement with experiments showing that induction of theta activity in the
hippocampus counteracts the development of seizures [45-47]. Other authors also found a
role for theta activity in determining the intensity of SE in knockout mice for the transient
receptor potential canonical type 3 channel, in which pilocarpine-induced theta power and
seizure scores were both reduced during the pre-ictal phase and SE phase [48]. Additionally,
the theta band can play a role in the onset of SRSs after the SE, because it was found to be
inversely correlated with the latency period and with the power change of the high-gamma
rhythm in 3 mouse and 2 rat models of epileptogenesis [49].

Gamma activity originates from reciprocal connections of interneurons and principal
cells, with a major role played by fast spiking parvalbumin interneurons [50, 51]. In vitro
experiments provided evidence for a modulation of gamma oscillations by GABAergic and
glutamatergic inputs. Interestingly, GABA type A (GABA,) receptor activation increased the
gamma power and, consistently, GABA, receptor antagonism resulted in the opposite finding.
Gamma power increased also in presence of GABA, receptor antagonism. Additionally,
blockade of the glutamate AMPA receptor reduced the gamma power, which was conversely
increased by blocking metabotropic or NMDA glutamatergic receptors [52]. Although we
did not perform any pharmacological experiment to assess the basis of changes observed in
gamma power during the SE in our animals, it is conceivable that a dysfunction in GABAergic
inhibitory activity could be responsible for the observed durable reduction in gamma power
occurring in the entire course of SE, as suggested by experiments showing an anti-ictogenic
role of parvalbumin interneurons during the SE [53]. Conversely, these same experiments
revealed a paradoxical capacity to promote seizures of parvalbumin interneurons prior to
the SE onset, which could also explain the increase in gamma power anticipating NCSE in
our animals.

Conclusion

Overall, our study suggests that the analysis of SE dynamics is useful to identify various
biomarkers that are predictive of SE progression, the resulting damage, and subsequent
epileptogenesis. These biomarkers characterizing the SE dynamics could be useful to disclose
new possible targets for more effective therapeutic approaches in TLE.
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